DNA methylation of coding regions, known as gene body methylation, is conserved across eukaryotic lineages. The function of body methylation is not known, but it may either prevent aberrant expression from intragenic promoters or enhance the accuracy of splicing. Given these putative functions, we hypothesized that body-methylated genes would be both longer and more functionally important than unmethylated genes. To test these hypotheses, we reanalyzed singlebase resolution bisulfite sequence data from Arabidopsis thaliana to differentiate body-methylated genes from unmethylated genes using a probabilistic approach. Contrasting genic characteristics between the two groups, we found that body-methylated genes tend to be longer and to be more functionally important, as measured by phenotypic effects of insertional mutants and by gene expression, than unmethylated genes. We also found that methylated genes evolve more slowly than unmethylated genes, despite the potential for increased mutation rates in methylated CpG dinucleotides. We propose that slower rates in body-methylated genes are a function of higher selective constraint, lower nucleosome occupancy, and a lower proportion of CpG dinucleotides.
Introduction
Cytosine methylation is an epigenetic modification that affects both chromatin packaging and transcription. In plants, DNA methylation occurs in three sequence contexts-CG, CHG. and CHH (where H 5 A, C, or T)-and these contexts are affected differentially among genomic features. For example, all three contexts are methylated within repetitive elements, but only the CG context is predominantly methylated within coding regions (Cokus et al. 2008; Lister et al. 2008 Lister et al. , 2009 ).
The function of DNA methylation may vary among genomic features as well. Within repetitive DNA, methylation silences transcription and functions as a host defense against transposable elements (Lisch 2009 ). In contrast, the function of methylation within coding regions (or ''body methylation'') is not yet clear. One hypothesis is that body methylation suppresses expression from cryptic promoters within coding regions, thus preventing leaky expression that could be both energetically and functionally costly (Zilberman et al. 2007; Maunakea et al. 2010) . A second hypothesis is that body methylation enhances accurate splicing of primary transcripts (Lorincz et al. 2004; Luco et al. 2010 ). This idea is supported by the facts that body methylation, together with H3K36me, is predominantly distributed in exons, as opposed to introns, and that alternatively spliced exons tend to possess lower levels of methylation (Ball et al. 2009; Hodges et al. 2009; Kolasinska-Zwierz et al. 2009; Schwartz et al. 2009; Choi 2010; Feng et al. 2010) .
A third possibility is that body methylation has no functional significance and is, perhaps, a byproduct of transcription (Roudier et al. 2009; Teixeira and Colot 2009 ). This viewpoint is supported by the observations that body methylation has only minor but positive effects on levels of gene expression (Zhang et al. 2006; Zilberman et al. 2007; Zemach et al. 2010 ) and can be highly polymorphic among individuals (Vaughn et al. 2007; Zhang et al. 2008) .
These hypotheses generate differing predictions about the types of genes that should be methylated. Under the first two hypotheses, DNA methylation should be predominantly associated with essential genes because the violation of transcription-either via aberrant promotion or missplicing-would be particularly costly for genes with large phenotypic effects. Furthermore, body methylation should also be associated with gene length and exon number because long genes would have a higher probability of cryptic promotion and genes with many exons would have a potentially higher rate of splicing errors. In contrast, if body methylation has little or no functional consequence, there is no compelling reason to predict a relationship between body methylation and either gene essentiality or gene length.
A byproduct of DNA methylation is the spontaneous deamination of methyl-cytosine to thymine (Bird 1980; Pfeifer 2006 ); this process has been shown to accelerate evolutionary rates in both animals and plants (e.g., Bird 1980; Messeguer et al. 1991; Buckler and Holtsford 1996) . As a consequence, body-methylated genes may be subjected to higher mutation rates than unmethylated genes. This possibility leads to conflicting evolutionary hypotheses. On the one hand, methylated genes may evolve quickly due to cytosine deamination. On the other hand, body-methylated genes may be essential and thus functionally and evolutionarily constrained.
Here, we examine these conflicting predictions by contrasting the structural, functional, and evolutionary characteristics of body-methylated genes against unmethylated genes. We study methylated genes in Arabidopsis thaliana because it is a model system for DNA methylation (Zhang et al. 2006; Zilberman et al. 2007; Cokus et al. 2008; Lister et al. 2008) , gene function (Hanada, Kuromori, Myouga, Toyoda, Li, et al. 2009; ), gene expression (Schmid et al. 2005) , and evolutionary rates (Hu et al. 2011; Yang and Gaut 2011) . We begin the study by reanalyzing A. thaliana bisulfite sequencing (BS-Seq) data to discriminate body-methylated from unmethylated genes in accession Col-0 using a probabilistic approach. We then integrate methylation status with analyses of gene function and evolutionary rates to address four questions: First, do body-methylated genes, as a group, differ from unmethylated genes in structural characteristics like length and exon number? Second, do body-methylated genes tend to be more functionally important, as measured by gene knockouts and gene expression? Third, do bodymethylated genes evolve more slowly than unmethylated genes, as expected if they are under strong constraint or do they instead evolve rapidly, perhaps as a consequence of cytosine deamination? Finally, do these analyses provide any insights into the function of body methylation?
Materials and Methods

Sequence and Methylation Data
The genomic sequences and gene annotation information for A. thaliana were obtained from TAIR (TAIR9 release; http://www.arabidopsis.org/). Genomic short-read sequences of A. thaliana Col-0 with bisulfite conversion were retrieved from the SRA (Sequence Read Archive) database (Lister et al. 2008 ). We followed a mapping process similar to that of Lister et al. (2008) : using BRAT software (Harris et al. 2010 ), short reads with 32 nt were mapped to the A. thaliana genome without allowing any mismatches except for bisulfite conversion. Reads mapping to multiple positions were discarded. If more than one read mapped to the same start position, we assumed that it was due to clonal duplication during library preparation (a phenomenon Lister et al. (2008) called ''clonal bias''). To avoid this bias, reads with the same starting location were collapsed into a single consensus in a way that each base to be retained was randomly chosen.
Following Lister et al. (2008) , we estimated the total proportion of unconverted cytosine residues thatmapped tothe chloroplast genome, where methylation does not occur. We assumed this proportion to be the bisulfite sequencing error rate and used this error rate to test support for methylation of each nuclear cytosine residue with .1 read, after collapsing reads with clonal bias. The test was based on binomial probabilities, with a P value of 0.01.
Defining Body-Methylated Genes
The level of DNA methylation was quantified for each protein-coding region, defined as the annotated translation start to the termination codon. The levels of DNA methylation in CG, CHG, and CHH contexts were assessed independently. Taking the CG context as an example, let p cg be the proportion of methylated cytosine residues at CG sites across the whole genome. Let n cg and m cg be the number of cytosine residues at CG sites with !2 coverage and the number of methylated cytosine residues at CG sites in a gene, respectively. Assuming a binomial probability distribution, the one-tailed P value for the departure of CG methylation level from genome average was calculated by
where P CG is a proxy of DNA methylation level. If the resulting P CG was low, then a coding region was more densely methylated than expected at random. Using the same rationale, we calculated P CHG and P CHH for CHG sites and CHH sites, respectively.
Gene Characteristics
Once we distinguished methylated genes from unmethylated genes, we examined several features of A. thaliana genes, including gene expression. Expression analyses were based on Affymetrix expression data (Schmid et al. 2005) from 55 microarray conditions that were not based on either genetic mutants or overlapping tissues. These 55 were reanalyzed with the MAS5 method by Matsuda et al. (2010) , which contain information about signal intensity and corresponding P values to test for expression. We calculated several additional characteristics for A. thaliana genes. GC content was measured at both 4-fold degenerate sites (GC4) and introns (GCint). Codon usage bias was assessed using the frequency of optimal codons (F OP ) as an index (Ikemura 1985) , using CodonW ver. 1.3 (http://www.molbiol.ox.ac.uk/cu/culong.html); optimal (or preferred) codons for each amino acid in A. thaliana were retrieved from Wright et al. (2004) . The recombination rate of each gene was estimated by interpolating the genetic and physical distances from Singer et al. (2006) . The recombination rate (cM/Mb) was estimated using the cubic splines method, implemented in MareyMap (Rezvoy et al. 2007 ). We also obtained information about DNA replication timing on the A. thaliana fourth chromosome (Lee et al. 2010) , dividing regions into replication during the early-middle S phase or the late S phase.
Finally, we estimated nucleosome occupancy in each A. thaliana coding region. To estimate occupancy, we retrieved the genome-wide nucleosome occupancy data of Chodavarapu et al. (2010) from the SRA database. These data consist of short Illumina reads, generated from micrococcal nuclease-digested nucleosomal DNA. Using the BRAT software package (Harris et al. 2010 ) without the bisulfite option, the 36 nt reads were mapped to the A. thaliana genome with a tolerance of up totwo mismatches. Thelevel of nucleosome occupancy was assessed for each base pair, following Kaplan et al. (2009) . Briefly, we first calculated short-read coverage for each position. Second, for a small fraction of sites the coverage was .10 times larger than the genome median, Takuno and Gaut · doi:10.1093/molbev/msr188 MBE perhaps due to clonal bias; to reduce this bias, we reduced the coverage at these sites to be ten times the genomic median. Third, sites with nucleosome occupancy were defined as any site that had higher coverage than the genome average. Finally, we calculated the proportion of occupied sites within each gene and used that measure in analyses.
Divergence Analysis
We analyzed a set of 18,310 Arabidopsis lyrata/A. thaliana orthologs identified by Hu et al. (2011) . The orthologs were aligned with CLUSTALW version 1.83 (Thompson et al. 1994) . Synonymous and nonsynonymous substitution rates (K A and K S ) between A. thaliana and A. lyrata orthologs were estimated using the Nei and Gojobori (1986) method. Distances were estimated only for the 16,447 aligned sequences having !100-bp synonymous sites. Our alignments included introns; intron divergence (K INT ) was estimated by the p-distance when the alignment of concatenated introns exceeded !100 bp.
Results
The Identification of Body-Methylated Genes
We identified body-methylated genes in the A. thaliana genome using previously published BS-Seq data (Lister et al. 2008) . After discarding multiply mapping and clonal reads, we mapped 36,705,379 short (32 nt) reads uniquely (see Materials and Methods). These reads covered ;73% of cytosine residues (31,464,361) in the A. thaliana genome with read depth ! 2. For these cytosine residues, we applied a binomial test of support (Lister et al. 2008) , assuming that the background (or error) rate was that detected in the chloroplast genome, which was that 2.42% of cytosines were falsely inferred to be methylated. Altogether, 2,262,156 cytosine residues were detected as methylated, a number similar to that of Lister et al. (2008) (2,267,447) using slightly different mapping criteria.
We calculated P CG , P CHG , and P CHH for each gene; lower values of these metrics correspond to a smaller probability that the gene is methylated at random levels, given genome-wide levels of methylation in each sequence context. We filtered the data by considering only those genes with sufficient CG information (n cg ! 20) and genes for which !60% of cytosine residues were covered by at least two reads (supplementary fig. S1 , Supplementary Material online), leaving 24,279 of 27,169 A. thaliana genes. We discarded genes with P CHG , 0.05 and/or P CHH , 0.05 because genes that are highly methylated in multiple contexts are atypical for coding regions (Cokus et al. 2008; Lister et al. 2008 Lister et al. , 2009 ) and thus may possess transposons within coding regions, be located in highly heterochromatic regions or be misannotated. These procedures resulted in the filtering of 763 (or 3.1%) of the 24,279 analyzed coding regions.
For the remaining 23,516 genes, we calculated P CG and used the distribution of P CG as a proxy for the CG methylation level of a gene ( fig. 1A ). The distribution of P CG was notably bimodal, indicating that CG methylation is not randomly distributed across the genome but is autocorrelated, as demonstrated previously (Cokus et al. 2008; Lister et al. 2008 Lister et al. , 2009 ). We used P CG to define body-methylated and unmethylated genes, using the criteria of P CG , 0.05 and P CG . 0.95, respectively, and discarding genes with intermediate methylation levels (i.e., with 0.05 P CG 0.95). By this method, we discarded another 3,402 genes from further analysis but identified 4,361 body-methylated genes and 15,753 unmethylated genes.
Body-Methylated Genes Are Longer than Unmethylated Genes
If body methylation enhances either transcription accuracy orsplicing efficiency, then methylatedgenes should belonger and have more exons than unmethylated genes (see Introduction). Our data support these predictions. The mean length of the body-methylated genes was 3,349.5 bp, exceeding by more than 2-fold the mean length of unmethylated genes (1,595.3 bp) ( fig. 1B) . The difference in average length was significant at P , 10
À5
, based on a permutation test of 100,000 trials. We obtained similar results when assessing the combined length of exons without introns (2,082.8 bp vs. 1,079.6 bp; P , 10 À5 ) and the number of exons (9.48 vs. 4.15; P , 10 À5 ).
Body-Methylated Genes Are Functionally Important
If body methylation serves a function, methylated genes should be more functionally important than unmethylated genes (see Introduction). While there is no perfect assay to test ''functional importance,'' we tested this prediction by examining two characteristics: the phenotypic effects of gene knockouts and patterns of gene expression. 
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Knockout Mutants
We tallied gene ''dispensability'' based on the work of Hanada, Kuromori, Myouga, Toyoda, Li, et al. (2009) and , who assembled data for the phenotypic effects of knockouts from .5,000 Col-0 insertional mutants (Kuromori et al. 2006 ). Among mutants, ;55.7% of the assessed body-methylated genes exhibited phenotypic effects (table 1) . In contrast, only ;26.2% of the unmethylated genes disrupted morphology. The difference in proportion was highly significant by Fisher's exact test (FET; P , 10 À58 ), indicating that mutations within body-methylated genes have greater phenotypic consequences on average.
It is well known, however, that the phenotypic and functional effects of gene knockouts may be buffered by paralogs (Gu et al. 2003; Hanada, Kuromori, Myouga, Toyoda, Li, et al. 2009; ). We therefore sought to determine if gene duplication could be driving the apparent differences between methylated and unmethylated genes. Under this hypothesis, knockouts of unmethylated genes manifest fewer phenotypic effects because they are more often functionally buffered by paralagous gene family members. To test this hypothesis, we performed all-against-all BLASTP analysis. If a gene hit another gene with a particular E value, we concluded that the gene belonged to multigene families. For example, using the E value 10 À50 as a cutoff, 67.7% and 60.2% of bodyand unmethylated genes, respectively, were members of multigene families (FET; P , 10
À19
). Using more stringent criteria, we obtained similar results (P , 10
À41 for E 10
). Using less stringent criteria (E 10 À20 and below), the differences between methylated and unmethylated genes disappeared, but the difference was never reversed (data not shown). Thus, methylated genes are found within gene families more often than unmethylated genes, and membership within a gene family does not drive the differences in phenotypic effects between methylated and unmethylated genes.
Gene Expression
Another, albeit less direct, measure of functional importance is gene expression. We examined gene expression in Affymetrix expression data (see Materials and Methods). To test functionality on the basis of gene expression, we counted the number of unexpressed genes in all 55 assay conditions (i.e., all P values ! 0.05; table 1). Among the genes on the Affymetrix chip, the proportion of unexpressed methylated genes (2.1%) was far lower than that of unmethylated genes (8.1%) genes (P , 10 À34 ; FET). We also examined the distribution of gene expression among genes by assessing both the mean and the breadth of expression across experiments. Similar to previous reports (Zhang et al. 2006; Zilberman et al. 2007 ), the distribution of mean signal intensity indicated that body-methylated genes are moderately expressed compared with unmethylated genes, which exhibit a broader variance in mean expression level ( fig. 2A ). This pattern emphasizes that a relatively high proportion of unmethylated genes have low expression levels, consistent with our inference that a significantly higher proportion of unmethylated genes are unexpressed. Expression breadth was measured using entropy as an index; high and low entropy values indicate broad and tissue-specific expression patterns, respectively. Figure 2B indicates that bodymethylated genes tend to be expressed more broadly than unmethylated genes, as previously documented by Zhang et al. (2006) .
Body-Methylated Genes Evolve More Slowly, on Average
DNA methylation is mutagenic (Bird 1980; Pfeifer 2006) , and cytosines evolve rapidly in the context of CG dinucleotides (Bird 1980; Messeguer et al. 1991; Buckler and Holtsford 1996) . It therefore seems reasonable that genes with the potential for heavy methylation by virtue of the availability of CG dinucleotides will also be exposed to a high rate of mutation. There is thus a potential paradox: on the one hand, we have shown that methylated genes are biased toward genes with phenotypic effects, suggesting that these are likely conserved genes; on the other hand, they may be subjected to higher mutation rates and hence evolve more rapidly.
To examine evolutionary rates, we estimated nonsynonymous (K A ), synonymous (K S ), and intron divergence (K INT ) between A. thaliana and A. lyrata orthologs (table 2). Note that we do not know methylation status in A. lyrata and therefore we rely on our methylation definitions in A. thaliana. Consistent with the high proportion of genes with phenotypic effects (table 1), estimates of K A and the K A /K S ratio were significantly lower in body-methylated genes than unmethylated genes ( fig. 3 and table 2 ). However, both K S and K INT were also significantly lower in the body-methylated genes ( fig. 3 and table 2), with K S and K INT being positively correlated to each other (r 5 0.280, P , 10 À5 by permutation test with 100,000 trails) and to K A (r 5 0.318, P , 10 À5 for K S and r 5 0.113, P , 10 À5 for K INT ). The low average K S in body-methylated genes is somewhat surprising given that methylation is expected to increase mutation rates in CG dinucleotides (Bird 1980; Messeguer et al. 1991; Buckler and Holtsford 1996) .
Correlates with Evolutionary Rates
Why do methylated genes have lower K S and K INT , on average? The most obvious explanation is that as a group they tend to be more essential, as suggested above, and thus are under stronger selective constraint. While this explanation Takuno and Gaut · doi:10.1093/molbev/msr188 MBE is satisfactory for nonsynonymous sites, it is not wholly convincing for intron and synonymous sites. We therefore examined other genic characteristics that might contribute to differences in rates between methylated and unmethylated genes.
Several genic properties either did not differ statistically between the two gene classes or differed in a way inconsistent with differences in evolutionary rate, including GC content at both exonic and intronic positions; recombination rate per base pair; translational efficiency, as measured by the frequency of optimal codons (F OP ); and replication timing (for details, see supplementary fig.S2 at Supplementary Material online). However, we found two additional characteristics that may help explain slower average substitution rates in methylated genes: CpG content and nucleosome occupancy.
CpG Content
We measured the proportion of CpG sites within genes and compared it with the expected proportion of CpG sites. The expected proportion was calculated from base composition (Bird 1980 fig. 4A and B) . We also found that the proportion of CpG sites was significantly correlated with both K S and K INT (r 5 0.267, P , 10 À5 for K S ; r 5 0.162, P , 10 À5 for K INT ), as was CpG[O/E] (r 5 0.296, P , 10 À5 for K S ; r 5 0.246, P , 10 À5 for K INT ). In other words, methylated genes are comparatively underrepresented for CpG dinucleotides, even after correction for base composition. However, this difference was not sufficient to explain differences in rates between methylated and unmethylated genes. Nucleosome Occupancy DNA sequence is wrapped around nucleosomes at wellconserved positions, with linker regions (also known as nucleosome free regions) between nucleosome units (Jiang and Pugh 2009) . Presumably DNA repair machinery is more easily recruited to linker regions (Thoma 2005; Ataian and Krebs 2006) , leading to lower evolutionary rates at all sites (nonsynonymous, synonymous, and intron) for genes within these regions. To investigate the relationship between nucleosome occupancy and evolutionary rate, we used the proportion of nucleosome occupancy region in A. thaliana as an index (see Materials and Methods) and found that K S and K INT were positively correlated to this index when all genes were considered (r 5 0.174, P , 10 À5 for K S ; r 5 0.0372, P , 10 À4 for K INT ). Moreover, body-methylated genes differed significantly in nucleosome occupancy compared with unmethylated genes (0.433 vs. 0.491; fig. 5A ), in a direction consistent with differences in evolutionary rate. We divided nucleosome occupancy into bins and found that both K S and K INT remained lower for body-methylated genes in each bin ( fig. 5B for K S , not shown for K INT ). Therefore, nucleosome occupancy, like CpG content, may contribute to differences in rate but does not fully explain relatively low K S and K INT in body-methylated genes.
Discussion
We have reanalyzed existing BS-Seq data to classify genes as either ''methylated'' or ''unmethylated,'' using a probabilistic approach. This categorical approach seems reasonable, Body-Methylated Genes in Arabidopsis thaliana · doi:10.1093/molbev/msr188 MBE both because P CG resulted in a strikingly bimodal distribution of genes ( fig. 1A ) and because it leads to results similar to those of Zhang et al. (2006) , who identified methylated genes based on array data. Zhang et al. (2006) concluded that 33%, or ;8,000, genes were methylated in Col-0. We estimate that 18%, or 4,361, genes are methylated, but this number excludes the 3,402 intermediate genes with 0.05 P CG 0.95, which could be considered as methylated under less stringent criteria. Our comparison of methylated and unmethylated genes has led to two primary observations. The first is that body-methylated genes in A. thaliana accession Col-0 tend to be longer, have more exons, and serve more important functions-as measured by phenotypic effects of insertional mutants and gene expression-than unmethylated genes. The second observation is that bodymethylated genes evolve more slowly, on average, than unmethylated genes.
Potential Causes of Low Evolutionary Rates
Recent studies have revealed that evolutionary rates are a complex function of myriad gene and functional characteristics (reviewed in Pál et al. 2006; Gaut et al. 2011) . Several well-known factors likely contribute to the differences in evolutionary rate between body-methylated and unmethylated genes: 1) higher selective constraint due to gene essentiality (table 1) ; 2) differences in gene length, which are inversely related to substitution rates (e.g., Parsch 2003; Haddrill et al. 2005; Marais et al. 2005; Halligan and Keightley 2006; Yang and Gaut 2011) ; and 3) differences in patterns of gene expression, which can be highly correlated with rates of nonsynonymous substitution (Drummond et al. 2006; Pál et al. 2006; Yang and Gaut 2011) .
In addition, we suggest that both lower nucleosome occupancy and lower CpG[O/E] values contribute to differences in rates. Regarding the former, it has already been shown that linker regions have lower mutation rates in yeast (Washietl et al. 2008) , and it is also known that distribution of methylated genes covaries with nucleosome occupancy in both animals and plants ( Kolasinska-Zwierz et al. 2009; Schwartz et al. 2009; Chodavarapu et al. 2010; Choi 2010 ). Our observations suggest that the links among methylation, nucleosome occupancy, and evolutionary rates also pertain to A. thaliana.
With regard to CpG[O/E], our and previous results suggest an interesting dynamic between methylation and the prevalence of CpG sites (Bird 1980; Saxonov et al. 2006; Suzuki et al. 2007; Weber et al. 2007) . One the one hand, methylated CpG sites are expected to dissipate rapidly due to high mutation rates, once methylated. In fact, CpG [O/E] values should tend to 0 for methylated regions in the absence of a countervailing force. On the other hand, the countervailing force might be selection to maintain CpG Takuno and Gaut · doi:10.1093/molbev/msr188 MBE sites (Buckler and Holtsford 1996) , so that genes can be methylated and, as a consequence, either accurately transcribed or accurately spliced. We thus predict that there exists an equilibrium CpG maintained by the cost of high mutation rates against the benefits of body methylation. The dynamics of this equilibrium depends on accurate assessment of the magnitudes of these costs and benefits, which would be a fitting topic for future studies.
Does Body Methylation Have a Function?
Our analyses of both insertional mutants and gene expression data suggest that body-methylated genes in A. thaliana Col-0 are more functionally important, on average, than unmethylated genes. These results are consistent with hypotheses suggesting that body methylation has a functional role, perhaps in transcriptional accuracy or splicing efficiency. It is therefore tempting to conclude that body methylation is Body-Methylated Genes in Arabidopsis thaliana · doi:10.1093/molbev/msr188 MBE indeed functional. While we favor this conclusion, it requires caution, for at least two reasons.
One reason is that we have treated methylation as a stable state, but body methylation is labile among tissues and individuals (Cedar 1988; Messeguer et al. 1991) . For example, 10% of assayed CCGG sites vary between two A. thaliana accessions , and this proportion may be higher among other accessions (e.g., Vaughn et al. 2007 ). Although we do not know which (perhaps all?) genes are labile, it is difficult to envision how polymorphism in body methylation would lead to the patterns observed in Col-0 without the patterns being consistent across accessions (i.e., if methylation were random across genes and individuals, we would expect none of the patterns documented here). Moreover, we anticipate that our conservative definition represents a sample of genes that is biased for constitutive (or at least consistent) body methylation across individuals. A rigorous test of this assumption will require additional body methylation data at the population level.
The second reason is that it is difficult to disentangle cause and effect. Body-methylated genes are expressed more broadly (across tissues), on average, than unmethylated genes ( fig. 2B ). Hence, if expression breadth affects body methylation, than methylation could be a functionless byproduct of transcription (Roudier et al. 2009; Teixeira and Colot 2009) . Under this scenario, our results may be explained by arguing that functionally important genes evolve more slowly due to constraint and due to patterns of gene expression (Drummond et al. 2006; Pál et al. 2006; Yang and Gaut 2011) , with methylation a byproduct of the latter.
However, we do not favor this interpretation for at least three reasons. First, if body methylation is a byproduct of transcription, then it is a byproduct of expression breadth ( fig. 2B) and not mean expression level ( fig. 2A) ; it is difficult to envision a mechanism to cause this distinction. Second, if methylation is a byproduct of expression breadth one might expect less overlap between the two genic classes (fig. 2B) ; the extent of overlap suggests that other factors play a role in the distinction between genic classes. Finally, the differences between body-and unmethylated genes are so consistent across functional (i.e., insertional mutants and expression) and structural (i.e., length and exon number) features that the most parsimonious explanation is, in our view, that body methylation has a functional role that has been conserved enough over time to be lead to distinct evolutionary characteristics (i.e., low CpG[O/E] and low evolutionary rates). Unfortunately, we cannot discriminate two of the hypothesized roles of body methylation-that is, suppression of intragenic transcription and splicing efficiency-because our data are consistent with both hypotheses.
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